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I.  INTRODUCTION 


The  SB1R  Phase  I  program  titled  “Single  Crystal  Relaxor  Ferroelectrics  for  High 
Performance  Bio-medical  Ultrasound  Transducers”  is  an  embedded  SBIR  in  the  TRP 
program  titled  “Combat  Surgical  Ultrasound  System  and  Probes  with  Multi-modality 
Fusion  for  Front  Line  Surgical  Guidance  and  Telesurgery,”  led  by  Tetrad  Corp.  of 
Englewood,  CO,  a  TRP  consortium. 

The  consortium  members  include  of  the  following: 

Tetrad  Corporation 

Siemens  Medical  System,  Inc. 

Surgical  Navigation  Technologies,  Inc.  (A  division  of  Sofamol  Damek  Group) 

Materials  Systems,  Inc. 

TRS  Ceramics,  Inc. 

The  Vision  Statement  is  as  follows: 

Create  an  ultrasound  device  which,  when  operated  with  other  co¬ 
displayed  imaging  techniques,  provides  diagnosis  and  therapy  guidance 
during  surgery.  This  highly  portable  device  includes  miniature  surgical 
probes  made  with  novel  materials  and  integrated  electronics  for  the 
purpose  of  rapid  diagnosis  and  minimally  invasive  treatment  of  wounded 
soldiers.  The  device  provides  a  cost  effective  alternative  for  emergency 
and  open  surgery  procedures  in  both  government  and  civilian  medical  care, 
and  enables  a  new  level  of  intervention  in  battlefield  surgery. 

At  the  end  of  two  years,  the  program  will  produce  a  prototype 
miniature  surgical  probe  coupled  with  an  ultrasound  imaging  system 
integrated  into  a  surgical  work  station  for  image  fusion.  At  the  end  of  five 
years  portable,  high  performance  ultrasound  imaging  systems  will  be 
commercialized  for  general  imaging  and  surgical  intervention. 

Tetrad  will  be  responsible  for  probe  development  using  novel 
transducer  materials  supplied  by  MSI  and  TRS  Ceramics.  Highly 
integrated  ultrasound  imaging  electronics  will  be  supplied  by  Siemens,  and 
image  fusion  software  and  display  will  be  produced  by  Surgical  Navigation. 
Surgical  stand  alone  product  for  defense  and  commercial  applications  will 
be  marketed  by  Siemens.  Surgical  work  stations  will  be  marketed  by 
Surgical  Navigation. 
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Purpose  of  the  Work 


In  the  Phase  I  program,  TRS  Ceramics’  goal  was  to  develop  single  crystal 
ferroelectrics  for  use  as  autoclavable  transducers  in  high  performance  bio-medical 
ultrasound  probes.  Through  interaction  with  Tetrad  Corp,  single  crystals  were  to  be 
evaluated  for  potential  use  in  array  type  transducers,  and  subsequently,  actual  transducers 
using  these  single  crystals  were  to  be  fabricated  and  tested.  Tetrad’s  evaluation  program, 
however,  extends  through  Phase  I  of  the  TRS  Ceramics  SBIR  with  further  work  to  be 
concluded  in  the  Phase  II  program. 

Background 

Today,  ultrasonic  imaging  is  an  integral  part  of  diagnostic  medicine.  A  major 
drawback  of  this  imaging  modality,  however,  its  relatively  poor  spatial  resolution  which 
limits  image  quality.  In  reference  to  remote  combat  casualty  care,  current  bio-medical 
ultrasound  systems  do  not  meet  the  field  use  requirements  of  low  power  con  sumption,  are 
not  readily  functional  in  adverse  environments,  and  do  not  satisfy  the  proposed  autoclave 
sterilization  method  (TRP  Parent  Program). 

Conceptually,  poor  image  quality  can  be  improved  through  the  use  of  high  frequency 
(>5  MHz)  or  multidimensional  imaging  (1.5  and  2-D  arrays),  however,  several  materials 
issues  relevant  to  the  transducer  must  be  addressed.  In  addition  to  high  piezoelectric, 
dielectric,  and  electromechanical  coupling,  temperature  stability  is  an  important  issue  for  a 
battle  field  unit  which  has  to  function  over  a  broad  range  of  temperature  as  well  as 
perform  upon  exposure  to  severe  environmental  conditions. 

For  high  frequency  linear/curved  arrays,  each  of  the  transducer  elements  must  be 
subdiced  to  a  very  small  size  in  order  to  suppress  spurious  transverse  modes.  The 
requirement  of  high  aspect  ratio  demands  the  element  size  to  be  on  the  order  of  a  few 
hundred  microns  for  MHz  range  transducers.  This  is  a  technically  challenging  processing 
problem  for  polycrystalline  ceramics  since  small  grain  sizes  correspond  to  degraded 
electrical  properties/13  Furthermore,  associated  with  small  elements  are  small  capacitance 
values  and  hence  inadequate  electrical  impedance  matching. 

The  next  generation  of  noninvasive  and  minimally  invasive  ultrasound  imaging 
transducers  requires  more  advanced  materials  with  better  piezoelectric,  dielectric  and 
coupling  constants,  as  well  as  the  ability  to  fabricate  fine  scale  arrays.  Currently,  the 
materials  of  choice  for  bio-medical  ultrasound  transducers  are  based  on  the  PbZr03- 
PbTi03  (PZT)  solid  solution  system  near  the  morphotropic  phase  boundary  (MPB).  See 
Figure  1.  Single  crystal  growth  of  these  compositions  is  very  difficult,  which  restricts  the 
use  of  these  materials  to  polycrystalline  ceramics  with  grain  sizes  on  the  order  of  3  to  10 
microns.  To  optimize  dielectric  and  electromechanical  properties,  compositional 
modifications  are  generally  used  to  reduce  the  Curie  temperature  (Tc)  of  the  material,  the 
temperature  of  which  the  onset  of  ferro  electricity  occurs.  The  Tc  of  the  material  dictates 
the  transducer  performance  by  imparting  a  strong  temperature  dependence  on  the 
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properties  and  limits  its  use  temperature  above  which  depolarization  may  occur.  As  a  rule 
of  thumb,  the  maximum  usage  temperature  is  one-half  of  Tc.  As  a  note,  60-70%  of  the 
piezoelectric  activity  in  ferroelectric  ceramics  is  associated  with  extrinsic  domain  wall 
contributions  and  hence  are  sensitive  to  external  electrical  and  mechanical  stresses.  Of 
significance  to  this  program,  the  above  limitations  associated  with  poly  crystalline  ceramics 
will  not  be  an  issue  with  single  domain  single  crystal  ferroelectrics. 

The  Approach 

As  stated  above,  piezoelectric  ceramics  are  generally  based  on  the  morphotropic 
phase  boundary  (MPB)  found  in  the  perovskite  system  PbZr03-PbTi03  (PZ-PT)  near  the 
compositional  ratio  Zr:Ti  of  52:48. (2)  Single  crystal  growth  of  these  compositions  is  very 
difficult,  which  restricts  the  use  of  these  materials  to  polycrystalline  ceramics. 
Morphotropic  phase  boundaries  also  exist  in  numerous  compositions  of  the  perovskite 
family  as  shown  in  ternary  system  in  Figure  1.  These  compositions  have  the  general 
formula  Pb(BiB2)03-PbTi03  with  BrMg+2,  Zn+2,  Ni+2,  Sc+3,  Fe+3,  In+2,  and  B2=Nb+5,  Ta+5, 
\T6.  Previous  studies  by  Nomura  and  Kuwata  (3,4)  on  Pb(Zni/3Nb2/3)03-PbTi03  (PZN-PT) 
and  by  Shrout,  Markgraf,  Kim  and  Chang®  on  Pb(Mgi/3Nb2/3)03-PbTi03  (PMN-PT)  both 
reported  anomalously  high  piezoelectric  properties  for  single  crystals  with  compositions 
near  their  respective  morphotropic  phase  boundaries.  Electromechanical  coupling 
coefficients  (ky)  >  90%  and  piezoelectric  d33  values  >  1500  pC/N  were  reported.  These 
values  are  significantly  larger  than  those  associated  with  any  polycrystalline  ferroelectric 
ceramic  as  contrasted  in  Table  I.  In  addition,  for  the  (l-x)PZN-x(PT)  system,  dielectric 
loss  values  less  than  0.002  for  the  tetragonal  phase  (x=0. 1 1)  and  0.008  for  the 
rhombohedral  phase  (x=0.05)  have  been  reported.®  These  data  coupled  with  high 
permittivities  (K<>4000)  make  these  materials  ideal  candidates  for  high  frequency 
transducers  in  bio-medical  imaging  systems.  Furthermore,  the  scalability  limits  in 
polycrystalline  ceramics  due  to  grain  size  are  eliminated  by  the  use  of  single  crystals, 
opening  up  a  plethora  of  applications  including  a  wide  range  of  specialized  imaging 
probes. 

Pb  (Bn  B2)  03 


Figure  1:  Ternary  system  for  PbZr03-PbTi03-Pb(BiB2)O3  showing  the  PZ-PT-MPB-1 
and  Pb(BiB2)C>3-PT-MPB-2  regions.  Note:  Crystal  growth  MPB- 
2»MPB-1  (Ref.  7). 
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Table  1:  Selected  parameters  for  polycrystalline  piezoelectric  ceramics  and  single  crystal 

relaxor  ferroelectric  transducers. 


T  r 

Dielectric 

Constant 

Piezoelectric 
Coupling  OcrO 

Comments 

PZT-5 

‘rhombohedral 

-350  x; 

1000  -  2000 

60-70% 

-300-500 

•  crystal  growth 
not  possible 

•  scale-grain 
size  limited 

•  1  /2  Tc  temp, 
limit 

PZT-5H 

•rhombohedral 

-130  -190‘C 

3000-4000 

70-75% 

-600-700 

Relaxor 

ferroelectrics 

Pb(BiB2)03- 

PbTlCb 

rhombo/tetra 

- 150  -300 ’C 

1,000-10,000 

80-92% 

600-1600 

•  crystal  growth 
possible 

•  no  grain  size 
limitations 

•  no  domains 

*  In  contrast  to  rhombohedral  phases,  tetragonal  compositions  possess  inferior  electro¬ 
mechanical  properties. 


Scope  of  the  Work 

To  address  the  needs  of  the  next  generation  of  high  performance  bio-medical 
transducers  that  are  autoclavable,  the  growth  and  characteristics  of  single  crystals  based 
on  relaxor-PT  compositions  was  proposed.  Specific  objectives  deemed  significant  to  the 
TRP  program  are  given  in  the  following  objectives: 

•  Single  crystal  growth  [high  temperature  solvent  (flux)]  of  Pb(Bi,B2)03-PbTi03 
compositions,  specifically  Pb(Zni/3Nb2/3)03:PbTi03  [(l-x)PZN:(x)PT]  near  the 
respective  MPB,  with  x=0.09  and  x>  0. 15  for  high  Tc  materials. 

•  Determination  of  dielectric,  piezoelectric  and  elastic  properties,  e.g.,  Kjj,  k,j,  loss 
and  Sijki,  as  a  function  of  crystal  composition,  structure  and  orientation. 

•  Determination  of  key  performance  parameters  as  a  function  of  temperature  (-50° 
to  100°C)  as  well  as  thermal  stability  tests  to  mimic  exposure  to  adverse 
environments  and  sterilization  by  an  autoclave. 

•  Selection  of  optimum  crystal  compositions  and  orientation  for  evaluation  and 
fabrication  of  high  frequency  array  transducers  by  the  TRP  parent  organization, 
namely  Tetrad  Corporation  (contact  Dr.  Clyde  Oakley). 

The  research  program  included  five  primary  tasks: 

(1)  compositional  selection;  (2)  crystal  growth;  (3)  electro-mechanical  characterization; 
(4)  environmental  testing.  A  fifth  activity  was  the  preparation  of  the  Final  Report.  The 
milestone  chart  used  is  provided  in  Figure  2. 
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Figure  2:  Milestone  Chartb 


Task/Milestone 

Mo 

1 

nths  A 
2 

iter  P 
3 

roject 

4 

Initial 

5 

ion 

6 

Task  1:  Composition  Selection 

Task  2:  Ciystal  Growth 

A.  TRS  Ceramics,  Inc. 

B.  Ciystal  Associates 

■ 

§| 

1 

| 

■ 

Task  3:  Characterization 

■ 

§§ 

Task  4:  Environmental  Testing 

Task  5:  Final  Report 

X 

H.  EXPERIMENTAL  METHODS  AND  RESULTS 
Task  I:  Composition  Selection 

High  electromechanical  coupling  (k),  low  dielectric  loss,  and  relatively  high  Tc  were 
guidelines  for  selecting  compositions.  Crystals  of  the  following  compositions  listed  below 
were  selected  for  growth.  All  the  compositions  have  Tc’s  >  150°C.  For  optimum 
electromechanical  coupling,  compositions  B  and  E  are  morphotropic  phase  selected 
systems.  Composition  C  is  expected  to  have  a  Tc  >  170°C  with  a  tetragonal  structure 
allowing  a  single  domain  state  upon  poling  giving  rise  to  good  temperature  stability  for 
autoclavable  transducers. 

Relaxor-PT  compositions  selected  are  identified  on  the  PZN-PT  and  PMN-PT  phase 
diagrams  shown  in  figures  3  and  4  and  listed  below: 


Pb(Zn1/3Nb2/3)03  -  (A)  PZN 

0.905Pb(Zni/3Nb2/3)O3  -  0.095PbTiO3 -  (B)  PZN-PT 

0.65Pb(Mgi/3Nb2/3)O3  -  0.35PbTiO3  -  (E)  PMN-PT 

0.85Pb(Zn1/3Nb2/3)03-0.15PbTi03  -  (C)  PZN-PT 

0.92Pb(Zn1/3Nb2/3)O3  -  0.08PbTiO3  -  (B-l)  PZN-PT 

0.89Pb(Zn1/3Nb2/3)O3  -  0.11PbTiO3  -  (C-l)  PZN-PT 
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Nomura  et  al. .  J.  Phys.  (1969) 

J.  Kuwata  ct  al.,  ferroelcctrics  (1981) 


S.  W.  Cboi  ct  al.,  Ferroclectrics  (1989) 
T.  Shrout  ct  al.,  Ferroelectric  Letters  (1990) 


Figures  3  and  4:  PZN-PT  and  PMN-PT  phase  diagrams.  Compositions  B,  C,  and  E 
were  grown  in  the  program. 

Task  II:  Crystal  Growth 

Crystals  of  selected  compositions  were  grown  by  the  flux  technique,  schematically 
shown  in  Figure  5.  Powders  of  Pb304,  ZnO,  MgC03,  Nb205,  and  Ti02  with  high  purity 
(>99.9%)  were  used.  The  raw  powders  were  mixed  and  loaded  into  a  Pt.  crucible.  The 
Pt.  crucible  was  then  placed  in  an  alumina  crucible  which  was  sealed  with  an  alumina  lid 
and  alumina  cement  to  minimize  volatilization  of  the  Pb  rich  phase.  The  crucible  with  the 
powder  was  then  placed  in  the  furnace  and  held  at  a  soaking  temperature  (1 150~1200°C) 
for  10  hours,  followed  by  cooling  at  the  rate  of  l°C/hour  down  to  900°C.  The  flux  was 
leached  out  by  hot  HN03  (20%).  The  size  and  quality  of  the  crystals  were  reasonable 
enough  to  make  test  samples  for  compositions  B  and  E.  Crystal  growth  of  composition  C 
was  not  found  to  be  successful  due  to  a  furnace  instability  problem.  Crystals  of 
composition  C  contained  larger  amounts  of  second  phases  and  their  size  was  significantly 
smaller  than  crystals  of  B  and  E,  size  <  1  cm3.  To  reduce  the  amount  of  inclusions,  the  PT 
content  was  lowered  hence  the  reason  for  composition  C-l. 
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HOOD 


Figure  5:  Schematic  of  modified  flux  growth  system. 

In  parallel  to  TRS  Ceramics’  work,  crystals  of  composition  E  were  given  to  Crystal 
Associates,  Inc.  (subcontractor  to  this  work).  This  effort  is  in  relation  to  the  ultimate 
commercialization  of  single  crystals  at  economical  costs. 

Figure  6  shows  photomicrographs  of  selected  crystals  grown  using  the  flux  technique. 
As  shown,  the  crystal  was  <  1cm3  in  size  with  irregular  crystallographic  morphology. 
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Figure  6:  Photomicrography  of  flux  grown  crystals  and  test  samples. 

Task  III:  Electrical  Property  Characterization 

Sample  Preparation 

Various  dielectric,  piezoelectric,  and  electromechanical  properties  were  determined  as 
a  function  of  crystal  composition,  crystallographic  structure  and  orientation.  Samples  with 
both  <00 1>  and  <1 1 1>  crystallographic  orientations  were  made  with  an  emphasis  on 
<00 1>. 

Crystals  were  oriented  along  the  pseudocubic  (001)  direction  using  a  Laue  back 
reflection  camera.  Oriented  crystals  were  cut  and  polished  based  on  the  crystallographic 
relationship.  Figure  6  shows  an  example  of  a  prepared  sample  with  very  small  dimensions 
due  to  the  small  crystal  starting  size  and  poor  quality,  i.e.,  second  phase  inclusions,  in 
some  cases.  Prepared  samples  were  then  electroded  and  poled  by  applying  5~10kV/cm 
while  cooling  from  a  temperature  higher  than  Tc. 

Dielectric  and  Piezoelectric  Properties 

Table  2  summarizes  the  dielectric  properties  of  compositions  B,  E,  and  C,  (orientation 
<00 1  >)  with  corresponding  dielectric  temperature  behavior  given  in  Figures  7-9.  As 
presented,  the  compositions  have  Tc  >  150°C  with  the  highest  found  for  compositions 
with  the  highest  level  of  PT.  The  dielectric  properties  were  determined  from  capacitance 
measurements  using  a  HP  multiple  frequency  (LCR)  meter  Model  4194A  in  conjunction 
with  a  computer  controlled  temperature  oven. 
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Table  2  -  Dielectric  Properties  of  Crystals  (1kHz) 


Composition 

K- virgin 

Kpoled 

LOSS  virf,ln 

LOSS p0ie(] 

Tc(°C) 

B 

10800 

0.012 

0.004 

172 

E 

0.029 

0.014 

160 

C 

111 

0.026 

0.041 

210 

The  high  dielectric  maximums  K*  >30,000,  and  low  loss  reflected  at  all  frequencies 
measured  reflects  a  good  crystal  quality.  Due  to  numerous  inclusions  in  composition  C, 
however,  C-l  was  focused  upon.  Also  a  slightly  lower  PT  (8%)  rhombohedral  crystal  B-l 
was  selected  for  further  work. 


0.10 

0.08 

0.06 

r 

o 

V3 

0.04^ 

0.02 

0.00 


Figure  7:  Dielectric  constant  and  loss  for  single  crystal  -  Composition  B.  Dotted  lines 

represent  dielectric  loss.  Frequency  range  -  100  Hz,  1  kHz,  10  kHz  and 
100  kHz. 
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Figure  8:  Dielectric  constant  and  loss  as  a  function  of  temperature  for  Composition  E. 


Figure  9:  Dielectric  constant  and  loss  for  single  crystal  -  Composition  C. 
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The  dielectric  and  piezoelectric  properties  for  all  the  crystal  compositions  are 
summarized  in  Table  3,  being  determined  with  an  HP  impedance  gain  phase  analyzer  and 
based  on  IEEE  standard  (1982). 

Table  3:  Dielectric  and  Piezoelectric  Properties  of  crystals  (k33  mode  samples). 


Cut 

Dielectric  Constant  (Loss) 

Coupling 

A 

111 

-140 

900  (0.012) 

0.377 

001 

3600  (0.008) 

0.852 

B-l 

111 

-170 

2150(0.012) 

0.395 

001 

4200  (0.012) 

0.938 

B 

111 

-176 

4300  (0.007) 

0.644 

001 

1400  (0.004) 

0.894 

E 

001 

-160 

3100  (0.014) 

0.923 

Table  4:  Dielectric  and  Piezoelectric  Properties  kx  mode  sample. 


Composition 

Cut 

Coupling 

k3T 

Loss 

A 

001 

0.493 

2732 

0.013 

B-l 

001 

0.481 

4450 

0.017 

B 

001 

0.541 

1553 

0.024 

C-l  (PZN-11%PT) 

001 

0.638 

890 

0.024 

E  (PMN-35%PT) 

001 

0.541 

4540 

0.031 

As  presented,  longitudinal  coupling  coefficients  k33  >85%  were  found  for  all  the 
crystals  with  the  highest  values  found  for  compositions  near  the  MPB,  in  particular 
compositions  B  and  B-l. 

Of  significance  to  single  element  transducers,  Kt  values  >  63%  were  measured  for  the 
tetragonal  composition  C-l  (Table  4),  being  associated  with  the  relatively  high  anisotropy 
of  tetragonal  materials. 
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Sample  Delivery 

Based  on  the  results  above,  delivery  of  prototype  samples  to  Tetrad  for  transducer 
evaluation  was  made  on  May  7,  1996  and  samples  with  the  following  dimensions  were 
delivered. 

(B)  -  Composition  0.905Pb(Zn1/3Nb2/3)O3  -  0.095PbTiO3 
Crystal  Orientation  (001) 

-  k33  =  0.89,  kT  =  0.54 

Sample  Size:  x=  2.38  mm,  y=  4. 18  mm,  z  (thickness)  =  0. 17  mm 
x=  1.97  mm,  y=  3.77  mm,  z  (thickness)  =  0. 17  mm 

-  Electrode:  3  min.  sputtered  gold 

-  Poling  (5/3/96) 

Applying  10kV/cm,  cooling  at  the  rate  of  4°C/min.  from  210°C. 

Sample  crystals  of  composition  B  were  also  sent  for  preliminary  dicing  studies. 

A  second  generation  of  crystals  were  delivered  on  August  7,  1996  as  given  below: 

(B-l)  -  Composition  0.92Pb(Zni/3Nb2/3)O3  -  0.08  PbTi03 

-  Crystal  orientation  (001) 

-  k33  s  0.93,  kT  -  0.48 

-  Sample  size:  #1  x=2.92  mm,  y=4.06  mm,  z  (thickness)=0. 12  mm 

#2  x=1.89  mm,  y=3.68  mm,  z  (thickness)=0. 1 8  mm 

-  Electrode:  3  minutes  sputtered  gold 

The  dielectric  data  (1kHz)  after  poling  was: 

K  =  3400  (#1)  and  4800  (#2),  respectively. 

Problem  Areas 

1. )  The  variation  of  K  for  the  above  crystals  may  be  the  result  of  compositional 

fluctuations. 

2. )  The  dicing  of  fine  scale  arrays  is  of  concern  for  quality  transducers.  Preliminary 

dicing  experiments  revealed  the  following: 

Edge  chipping  at  the  surface 

The  dicing  conditions  used  were  as  follows: 

♦  K&S  (Kulicke  &  Soffe)  Saw 

♦  Blade  Thickness:  0.9  mil 

-  Cut  crystal  with  27  pm  width,  140  pm  depth  (blade  exposure,  300  pm) 
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♦  Spindle  Speed:  40,000  rpm 

♦  Entry  speed  and  cut  speed:  0. 15  mm/sec 

To  achieve  the  exactness  for  fine  scale  array  fabrication,  further  dicing  studies  must  be 
carried  out,  requiring  numerous  samples. 

Task  IV:  Environmental  Testing 

The  dielectric  and  piezoelectric  properties  of  composition  B-l  were  selected  for 
evaluation  as  a  function  of  temperature.  The  relatively  low  d33  values  for  the  higher  Tc 
samples,  composition  C  &  C-l  excluded  them  at  this  time.  Figure  10,  presents  the 
dielectric  constant  as  a  function  of  temperature  showing  the  rhombohedral-tetragonal 
transition  of  ~100°C.  Up  to  this  point,  the  samples  could  be  thermally  cycled  without 
degradation  of  properties,  as  shown  in  Figure  1 1.  Going  higher  in  temperature  resulted  in 
a  decrease  in  properties,  however,  upon  cooling,  returned  to  90%  of  the  original  value. 

For  a  high  Tc,  tetragonal  composition  (C-l),  a  thermal  stability  study  was  performed 
by  inserting  the  sample  into  an  environmental  chamber  at  various  temperature  intervals 
beyond  Tc.  (Note:  Hold  time  10  minutes)  As  presented  in  Figure  12,  the  KT  and  K 
values  measured  at  room  temperature  after  temperature  disturbance  actually  increased  up 
to  ~  180°C  the  Tc,  demonstrating  good  autoclavable  capability.  The  increase  in  properties 
is  believed  to  be  the  result  of  domain  contributions  being  enhanced  through  the  thermal 
disturbance  as  found  for  PZT  ceramics (2). 
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Temperature(°C) 


Figure  10:  Dielectric  constant  and  loss  as  a  function  of  temperature  for  B-l 
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Figure  11:  The  longitudinal  coupling  coefficient  (k33)  as  a  function  of  thermal  cycling  for 
B-l. 
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Figure  12:  Thermal  depolarization  of  kx  and  K  for  PZN-1 1PT  Crystals.  Hold  time  ~  10 
minutes. 
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Conclusions 

The  TRP-SBIR  Phase  I  Program  addressed  the  synthesis  and  characterization  of  single 
crystal  relaxor  ferroelectrics  based  on  the  Pb(Zni/3Nb2/3)03-PbTi03  and  Pb(Mgi/3Nb2/3)03- 
PbTi03  systems.  The  ability  to  grow  single  crystals  of  compositions  near  their  respective 
morphotropic  phase  boundaries  (MPBs)  (x-0.09  PZN-PT  and  x-0.35  PMN-PT)  using  high 
temperature  flux  techniques  was  demonstrated  resulting  in  crystals  <lcm3.  Compositions 
with  relatively  high  PT  content,  however,  contained  inclusions  and  were  of  poorer  quality. 
Based  on  IEEE  standards  resonant-antiresonant  techniques,  crystals  with  longitudinal 
coupling  coefficients  >90%  were  found  for  <00 1>  oriented  crystals  with  relatively  high 
dielectric  constants  (3,000-5,000)  and  low  loss  <0.01,  making  them  exceedingly  promising 
for  high  performance  bio-medical  ultrasound  transducers.  In  relation  to  single  element 
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transducers,  thickness  coupling  coefficient,  kT  >63%  were  achieved  for  tetragonal 
materials  0.89  PZN-0. 1 1PT. 


Preliminary  environmental  studies  found  thermal  stability  to  ~100°C  for  rhombohedral 
PZN-0. 08PT  crystals,  and  up  to  ~  100°C  near  the  Tc  for  tetragonal  crystals. 

The  above  properties  offer  dramatic  improvements  in  properties  relative  to  currently 
available  polycrystalline  PZT  ceramics.  Problem  areas  of  compositional  variation  as 
reflected  by  ranges  in  dielectric  properties  and  sample  preparation  by  dicing  were 
recognized  as  ky  issues  for  device  fabrication. 
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